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We present a curvaton model from type IIB string theory compactified on a warped throat
with approximate isometries. Considering an (anti-)D3-brane sitting at the throat tip as a
prototype standard model brane, we show that the brane’s position in the isometry directions
can play the role of curvatons. The basic picture is that the fluctuations of the (anti-)D3-
brane in the angular isometry directions during inflation eventually turns into the primordial
curvature perturbations, and subsequently the brane’s oscillation excites other open string
modes on the brane and reheat the universe. We find in the explicit case of the KS throat
that a wide range of parameters allows a consistent curvaton scenario. It is also shown that
the oscillations of branes at throat tips are capable of producing large non-Gaussianity, either
through curvature or isocurvature perturbations. Since such setups naturally arise in warped
(multi-)throat compactifications and are constrained by observational data, the model can
provide tests for compactification scenarios. This work gives an explicit example of string
theory providing light fields for generating curvature perturbations. Such mechanisms free
the inflaton from being responsible for the perturbations, thus open up new possibilities for
inflation models.
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1 Introduction
The inflationary era in the early universe [1, 2, 3] not only sets appropriate initial conditions
for the subsequent Hot Big Bang cosmology, but also provides initial inhomogeneities of the
universe and seeds the formation of large scale structures. However, since inflation likely takes
place at energy scales way beyond our current experimental reach, a detailed understanding
of the origin of inflationary cosmology has remained a major theoretical challenge. In order
to connect the underlying high-energy physics and current cosmological observations, it is
essential to come up with explicit models in a UV-complete framework. This has stimulated
numerous attempts to embed inflationary cosmology within string theory which is so far our
best candidate for a UV-completion of quantum field theory and gravity. (For a review, see
e.g., [4, 5, 6, 7, 8].)
An important feature of string cosmology is its high sensitivity to the physics of string
compactification. This imposes stringent restrictions on string inflationary models, and
it is nontrivial whether the inflaton can generate the primordial curvature perturbations.
In order to avoid decompactification, low-scale inflation is favored, which often leads to
the amplitudes of the resulting curvature perturbations being too small compared to the
observed COBE normalization value [9]. Recent studies [10, 11, 12, 13, 14] have shown
that the inflation scale can be disentangled from the low energy scale of supersymmetry
phenomenology, but still the scale of inflation is required to lie within the energy range
compatible with stable compactifications. Furthermore, moduli stabilization effects generally
introduce steep potentials for the inflaton, which was shown explicitly for the case of warped
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D-brane inflation models [15, 16, 17, 18, 19] in the form of the η-problem. Although there
exist rapid-roll inflationary attractors for such potentials [20, 21, 22, 23], the inflaton itself
cannot produce a scale-invariant perturbation spectrum.
Thus, one can expect some field(s) other than the inflaton to have generated the curvature
perturbations, as in the case of the curvaton scenario [24, 25, 26, 27]. Realization of such
mechanisms can drastically relax the constraints on the inflaton potential, setting inflation
models free from the standard slow-roll type [28].3
In this paper, we present a simple curvaton model from string theory compactified on a
warped throat with approximate isometries. A good example of such throats is the deformed
conifold [37] in type IIB string theory, where it has been shown that fluxes and nonperturba-
tive effects can stabilize all its moduli [38, 39]. Considering an (anti-)D3-brane sitting at the
throat tip as a prototype standard model brane,4 we show that the brane’s position in the
isometry directions can play the role of the curvaton. The basic picture is that the fluctu-
ations of the (anti-)D3-brane in the angular isometry directions during inflation eventually
turns into the primordial curvature perturbations, and subsequently the brane’s oscillation
excites other open string modes on the brane and reheat our universe.5 We find in the ex-
plicit case of the Klebanov-Strassler (KS) throat [37] that a wide range of parameters allows
a consistent curvaton scenario.
An important feature of the model is that the generated perturbation spectrum can
also have large non-Gaussianity. In this regard, later in this paper, we also consider effects
on the perturbation spectrum when the internal manifold contains multiple throats with
(anti-)D3-branes at their tips. Even if the branes’ fluctuations in the isometry directions
produce only a negligible amount of curvature perturbations, they turn out to be capable of
contributing substantially to the non-Gaussianity either through adiabatic or isocurvature
perturbations. These features provide tests not only for the curvaton model, but also for
multi-throat compactifications.
The paper is organized as follows. In Section 2 we lay out the requirements for a general
curvaton scenario to successfully produce the primordial perturbations. In Section 3 we
discuss the dynamics of an D3-brane at the tip of a warped deformed conifold, and show
that its oscillation can serve as a curvaton. Then in Section 4 we explore the parameter
space and study several cases where the curvaton produces curvature perturbations and/or
non-Gaussianity. Finally in Section 5 we conclude and give discussions on future prospects.
3Some earlier discussions on curvatons in string theory appeared in [29]. There are also other known
mechanisms for generating curvature perturbations, such as modulated reheating [30, 31] and the Lyth
effect [32, 33]. Stringy realizations of the latter have been attempted in [34, 35, 36].
4For an attempt to realize the standard model on D3-branes at throat tips, see e.g. [40].
5Reheating the universe from D-brane oscillation was also considered in [41, 42], however, the details
differ from what we are going to discuss in this paper.
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2 Requirements for the Curvaton
A curvaton [24, 25, 26, 27, 43] is a light field, hence during inflation it acquires fluctuations
that are nearly scale invariant and Gaussian. Although its energy density is initially negligi-
ble, after inflation the curvaton starts oscillating around its potential minimum and behaves
like nonrelativistic matter. As its energy density grows relative to radiation, its fluctuations
increasingly contribute to the curvature perturbation until the curvaton decays or dominates
the universe. Let us begin by laying out the requirements for a consistent curvaton scenario.
We assume the inflation energy to be converted to radiation right after inflation ends (a
stringy realization of such a setup is discussed in Section 4), and also the curvaton to be out
of equilibrium until it decays into SM particles, or particles that eventually turn into SM
particles. We denote the curvaton mass as m, its decay rate Γ, and its field value during
inflation σ∗. When the curvaton potential is quadratic, then its energy density is negligible
during inflation if
m2σ2∗
Vinf
∼ m
2σ2∗
M2PlH
2
inf
 1, (2.1)
where Vinf and Hinf are respectively the inflation energy scale and Hubble parameter, and
MPl is the reduced Planck mass. We also require the curvaton mass to be sufficiently smaller
than the Hubble parameter,
m2
H2inf
 1. (2.2)
Setting the cosmic time t by ρ ∼ M2Pl/t2, then inflation ends at tend ∼ H−1inf . Due to the
Hubble damping, the curvaton remains at σ∗ until the Hubble parameter drops below its
mass at tosc ∼ m−1 and then the curvaton starts to oscillate. If the curvaton’s lifetime is
long enough, then it dominates the energy density of the universe at time tdom satisfying
Vinf(tend/tdom)
2 ∼ m2σ2∗(tosc/tdom)3/2, which gives
tdom ∼ M
4
Pl
mσ4∗
. (2.3)
This will be after the onset of the curvaton oscillation if and only if
σ∗
MPl
< 1 (2.4)
is satisfied. Later in (3.28) we will see that the condition (2.4) is automatically satisfied in
our model. It should also be noted that (2.1) is trivially satisfied under (2.2) and (2.4).
We further require the curvaton decay at tdec ∼ Γ−1 to be after tosc, hence we impose
Γ
m
< 1. (2.5)
This requirement turns out to be inevitable for our model, when we introduce additional
microscopic constraints in Subsection 3.3 (cf. (3.34)). If the curvaton contributes a significant
3
fraction of the total energy density, then it should decay before the Big Bang Nucleosynthesis
(BBN) at ρBBN ∼ (1 MeV)4 ∼ 10−84M4Pl, which requires
1042
Γ
MPl
> 1. (2.6)
The curvature perturbation produced by the curvaton stops growing when the curvaton
decays or dominates the universe. For the generated perturbation to be nearly Gaussian,
the field perturbation of the curvaton should be smaller than the unperturbed value,
Hinf
σ∗
< 1. (2.7)
This requirement is also inevitable for our model, as we will see in (3.31). Then, the final
curvature perturbation is given by
ζ ∼ rδρσ
ρσ
∼ r
[
2
δσ∗
σ∗
+
(
δσ∗
σ∗
)2]
. (2.8)
Here, r is the energy density fraction of the curvaton at the decay epoch, which one can
estimate as
r ≡ ρσ
ρ
∣∣∣∣
dec
∼ min
{(
tdec
tdom
)1/2
, 1
}
∼ min
{
m1/2σ2∗
Γ1/2M2Pl
, 1
}
. (2.9)
Therefore the power spectrum of the generated curvature perturbation is
P1/2ζ ∼ r
Hinf
σ∗
. P1/2COBE ∼ 10−5, (2.10)
where the upper bound on the amplitude is set by the COBE normalization [9]. (If the
curvaton is the only source for the perturbations, then the inequality should be saturated.)
The second term in the far right hand side of (2.8) contributes to non-Gaussian perturba-
tions. In terms of the non-linearity parameter fNL [44], the non-Gaussianity in the curvature
perturbation6 can be estimated as7
fNL ∼ r
3
P2COBE
(
Hinf
σ∗
)4
. 100, (2.11)
where we have also presented the observational upper bound from WMAP [9]. It is clear
from (2.10) and (2.11) that if the curvaton dominates the universe before decay, i.e. r ∼ 1,
then the produced fNL is at most of order one.
6We discuss non-Gaussianity produced through isocurvature perturbation in Subsection 4.3.
7We have assumed that the fluctuation of the curvaton is not correlated with that of any other field which
generates curvature perturbations.
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3 Curvatons in Warped Throats
We now show an explicit realization of the curvaton in the context of warped type IIB
compactifications. We consider the six-dimensional internal space to be compactified to
a (conformally) Calabi-Yau (CY) space which includes warped deformed conifold throat
regions. Assuming that we are living on an D3-brane sitting at the tip of the conifold throat,
the angular position of the D3 in the isometry directions plays the role of curvatons. (The
reason why we choose an D3 and not a D3 will be given at the end of Subsection 3.1.)
However, since the throat is glued to the bulk CY which in general do not preserve such
isometries, the throat isometries are broken. Also, nonperturbative effects that stabilize the
Ka¨hler moduli confine the D3 to certain loci on the tip. The warping of the throat suppresses
all such effects at the tip, and consequently the angular position of the D3 receives small
mass and couplings to other open string modes on the brane.
3.1 Warped Deformed Conifold
Let us begin by discussing the geometry of the warped deformed conifold. Away from the
tip, the deformed conifold [45] is well approximated by a cone whose five-dimensional base
space is S2 × S3, with the isometry group SU(2) × SU(2) × U(1). As one approaches the
tip, the S2 shrinks to zero size, while the S3 remains finite.
The supergravity solution for the warped deformed conifold was found by KS [37], and
is also included in the class of flux compactifications considered by Giddings, Kachru, and
Polchinski (GKP) [38]. There it was shown that the KS solution can be constructed by
turning on M units of R-R flux F3 on the S
3 at the tip, and also −K units of NS-NS flux
H3 on the dual cycle,
1
2piα′
∫
A
F3 = 2piM,
1
2piα′
∫
B
H3 = −2piK. (3.1)
The product of M and K produces the background D3-charge N . By lifting the KS solution
to F-theory, the tadpole-cancellation condition relates N to the Euler number χ of the cor-
responding CY four-fold. The known maximal value for the Euler number χ∗ = 1820448 [46]
implies an upper bound on the background charge number,
N ≡MK ≤ χ∗
24
∼ 105. (3.2)
It should also be noted that the supergravity description is valid for gsM  1, where gs is
the string coupling.
We write down the leading order background geometry in the following form,
ds2 = h(r)2g(4)µν dx
µdxν + h(r)−2
(
dr2 + r2g(5)mndθ
mdθn
)
, (3.3)
where xµ (µ = 0, 1, 2, 3) are the external four-dimensional coordinates, r is the radial coor-
dinate which decreases as one approaches the tip of the throat, and θm (m = 5, 6, 7, 8, 9) are
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the five-dimensional angular coordinates. h(r) is the warp factor, which is to leading order
independent of the angular coordinates. The warping at the tip of the throat is determined
by the flux numbers in (3.1),
h0 ∼ exp
(
− 2piK
3gsM
)
. (3.4)
The fluxes also stably deform the conifold, therefore setting an IR cutoff for the radial
coordinate r,
r0 ∼ (gsMα′)1/2h0. (3.5)
Hence the S3 at the throat tip has radius of order r0/h0.
Away from the tip, the warp factor is approximated by h(r) ∼ r/R, where the curvature
radius of AdS5 space is given by
R4 ∼ gsNα′2. (3.6)
We assume that the bulk CY dominates the six-dimensional volume of the internal space,
i.e. the typical length scale of the internal bulk L satisfies L & R. Hence the four-dimensional
Planck mass is
M2Pl ∼
L6
g2sα
′4 . (3.7)
Before proceeding, let us pause for a moment to explain why we consider an D3-brane
and not a D3-brane for the curvaton. This is due to the D3 being free from force in a KS
throat, which can be seen as follows: The form of the self-dual five-form flux is determined
by the Bianchi identity,
F˜5 = (1 + ∗)dα(r, θm) ∧
√
−g(4)dx0 ∧ dx1 ∧ dx2 ∧ dx3, (3.8)
where α is a function of the internal coordinates. Then from the Dirac-Born-Infeld (DBI)
and the Chern-Simons (CS) terms in the D-brane action (cf. (3.10)), one can see that a probe
D3 feels a potential proportional to h4−α, whereas h4+α for an D3. Since
h4 = α (3.9)
is satisfied in a KS throat (and more generally in GKP-type compactifications with imaginary
self-dual fluxes), D3-branes are free from force. As long as the compactification of the bulk
CY is of the GKP-type, the no-force condition for a D3-brane is preserved, i.e., isometry-
breaking bulk effects do not give any potential for a D3, unless the bulk effects drastically
distort the throat geometry from the KS solution. (Note that, by contrast, nonperturbative
effects for moduli stabilization correct (3.9) and give similar forces to a D3 and an D3 [47].
Also, the relation (3.9) is violated by D3-branes.) Since the interplay of bulk effects and
nonperturbative effects plays an important role in our model, we consider probe D3-branes
at the tip of throats.
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3.2 Effective Action of the Curvaton
As was explained at the end of the previous subsection, we consider a probe D3-brane inside
a GKP-type warped throat. Assuming the D3 to stretch out along the external space, the
D3 is driven towards the tip of the throat where the warp factor is minimized [48]. In this
subsection we study the dynamics of an D3-brane in the angular directions at the throat tip.
From these angular directions does the curvaton(s) arise.
The effective action for the D3’s angular degrees of freedom is given by the DBI and the
CS terms,
S = −T3
∫
d4ξ
√− detGµν (1− Ψ¯iD/Ψ)− T3 ∫ C4, (3.10)
where T3 ∼ 1/(gsα′2) is the D3 (D3) tension. Note that in the DBI action we have included
the leading order term for the world-volume fermions Ψ [49, 50], into which the angular
degrees of freedom (i.e. the curvaton) decay first. (We assume that (some of) the world-
volume fermions are significantly lighter than the curvaton.) We dropped gauge fields on the
brane since their interactions with the curvaton show up from four-point interaction terms
and can be neglected.8
When the D3 is restricted to the throat tip, the determinant of the induced metric is
detGµν = det
(
h20g
(4)
µν + h
−2
0 r
2
0g
(3)
mn∂µθ
m∂νθ
n
)
' h80g(4)
(
1 + h−40 r
2
0g
(3)
mng
(4)µν∂µθ
m∂νθ
n
)
,
(3.11)
where we have set the world-volume coordinates to coincide with the external coordinates,
and g
(3)
mn denotes the metric of the S3 at the tip. Then by using (3.8), the four-dimensional
Lagrangian from (3.10) is
L√
−g(4)
' −T3(h40 + α0)− T3r20(∂θ)2 + T3h40Ψ¯iD/Ψ, (3.12)
where we dropped numerical factors and used the abbreviation: (∂θ)2 ≡ g(3)mng(4)µν∂µθm∂νθn.
We have also ignored terms which includes more than two derivatives in deriving (3.11) and
(3.12). For simplicity, in most part of this paper we drop numerical factors and carry out
order-of-magnitude estimates.
So far, the Lagrangian does not include any angular dependent potential and the D3
enjoys the isometry. However, as was briefly mentioned at the beginning of this section, bulk
effects break the throat’s isometries and perturb the background geometry in the following
form,
δ(h4) ∼ h∆f(θm), δα ∼ h∆f(θm). (3.13)
8One can check that the decay of the curvaton into world-volume fermions induced by the three-point
term in (3.20) is the most important interaction. The curvaton also interacts with world-volume gauge fields,
gravitons, and Kaluza-Klein modes in the throat, but those interactions have no major effect on the curvaton
dynamics, perturbatively nor through parametric resonance [51, 52].
7
Note that from the discussion at the end of Subsection 3.1, the perturbation for h4 and α
are correlated, especially, both have the same angular dependence f(θm). Such effects can
be analysed via gauge/gravity duality, then the power ∆ of the warp factor suppressing the
perturbations in (3.13) corresponds to the dimension of the irrelevant operator deforming
the dual gauge theory [53] (see also [54, 55, 56]9). In the KS throat, the leading perturbation
has ∆ =
√
28 ≈ 5.3, giving a mass (cf. (3.21))
m2bulk ∼
h3.30
gsMα′
(3.14)
to the canonically normalized angular directions.
Nonperturbative effects which stabilize the Ka¨hler moduli also give potentials in the
angular directions. In [47], explicit examples of Ka¨hler moduli stabilization due to D7-
branes wrapping four-cycles of conifold throats were studied. For example, in the simple
case of the Kuperstein embedding [58] of the D7-brane, then under the assumption that
an D3 at the throat tip lifts the stabilized vacuum energy to a metastable dS, the angular
directions receive mass of order
m2np ∼
h20
gsMα′

µ
. (3.15)
Here,  ∼ h3/20 (gsMα′)3/4 is the deformation parameter of the conifold, and µ measures the
minimal radial location reached by the D7. However, it should be noted that (3.15) is not
necessarily the typical value for our curvaton model, where multiple throats (e.g. the infla-
tion throat) may exist and various uplifting mechanisms are possible (see e.g. [36]).
Taking into account the isometry breaking bulk effects and nonperturbative effects, the
Lagrangian (3.12) is corrected to
L√
−g(4)
' −T3h40 − T3r20(∂θ)2 + T3h40Ψ¯iD/Ψ
− T3h∆0 f(θm)− V˜np(θm) + T3h∆0 f(θm)Ψ¯iD/Ψ, (3.16)
where we dropped numerical factors of order unity. Here ∆ indicates the suppression of the
bulk effect by the warp factor (see (3.13)), and we have represented the angular potential from
nonperturbative effects by V˜np(θ
m). When there are further effects which give potentials to
the angular position (e.g., the violation of (3.9) due to D3-branes), one can formally include
them in V˜np(θ
m). The important point here is that f(θm) and V˜np(θ
m) generally have different
angular dependence.
Now we see that various effects induce a gradual but rather bumpy potential for an D3-
brane at the throat tip. Among the three angular directions of the S3 tip, henceforth we
9Bulk effects were also studied in [57] in order to investigate possible corrections to the radial potential
of D3-branes for D-brane inflation. There, general cases beyond GKP-type compactifications were studied.
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focus on the flattest one, and assume that the D3 is stabilized in the other directions. We
refer to this flattest direction as θ, and set the (local) minimum of V˜np(θ) as its origin. Also,
we consider the region where the bulk and nonperturbative effects are well approximated by
expanding the Lagrangian up to quadratic order in θ, hence (3.16) can be rewritten as
L√
−g(4)
' −T3r20(∂θ)2 + T3h40Ψ¯iD/Ψ
−m′2bulk(θ + θ2)−m′2npθ2 +m′2bulk(θ + θ2)Ψ¯iD/Ψ, (3.17)
where m′2bulk ≡ T3h∆0 , m′2np ≡ ∂θ∂θV˜np(0). Upon expanding the bulk effects, we neglected
numerical factors and wrote down schematically f(θ) ∼ θ0 + θ + θ2, which suffices for our
order-of-magnitude estimations. Furthermore, we have omitted constant terms which are
irrelevant for us. It should also be noted that as long as ∆ > 4, terms of the form T3h
∆
0 Ψ¯iD/
Ψ can well be ignored.
Let us again reparameterize θ so that the minimum of its total potential (i.e. the first
two terms in the second line of (3.17)) becomes the origin. The shift is roughly
θ −→ θ − m
′2
bulk
2(m′2np +m′2np)
. (3.18)
Canonically normalizing the fields,
σ ≡
√
T3r0θ, ψ ≡
√
T3h
2
0Ψ, (3.19)
we arrive at
L√
−g(4)
' −(∂σ)2 + ψ¯iD/ψ − (m2bulk +m2np)σ2 +
gsM
1/2α′3/2
h30
m2bulkm
2
np
m2bulk +m
2
np
σψ¯iD/ψ, (3.20)
where we have neglected four-point and higher interaction terms. The masses arising from
bulk and nonperturbative effects are defined as follows, respectively,
m2bulk ≡
m′2bulk
T3r20
=
h∆0
r20
∼ h
∆−2
0
gsMα′
, (3.21)
m2np ≡
m′2np
T3r20
≡ h
λ−2
0
gsMα′
. (3.22)
In the far right hand side of (3.22), we have additionally introduced the symbol λ in order
to denote the suppression of the nonperturbative effects (or more generally, the sum of all
effects except from the bulk). By comparing ∆ and λ, one can measure the relative strength
of the bulk and nonperturbative effects at the throat tip, e.g., in the specific case of (3.14)
and (3.15) with /µ ∼ h3/20 , then ∆ ∼ 5.3 and λ ∼ 5.5. The point we would like to emphasize
is that various effects with different angular dependence misalign the (local) minima of the
potential and interaction terms, hence providing decay channels to the curvaton.
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Let us summarize what we have obtained. The curvaton candidate σ has mass
m2 ∼ m2bulk +m2np, (3.23)
and its decay rate into world-volume fermions is
Γ ∼
(
gsM
1/2α′3/2
h30
m2bulkm
2
np
m2bulk +m
2
np
)2
m3 ∼ g
2
sMα
′3
h60
m4bulkm
4
np
(m2bulk +m
2
np)
1/2
. (3.24)
Specifically, when bulk effects are dominant over nonperturbative effects, i.e. ∆ < λ, then
m2 ∼ h
∆−2
0
gsMα′
, Γ ∼ h
2λ+ 3
2
∆−13
0
g
3/2
s M5/2α′1/2
. (3.25)
The opposite case where nonperturbative effects are stronger can be treated simply by ex-
changing ∆ and λ.
The field range of σ is restricted by the radius of the S3 tip. From (3.19),
σ .
√
T3r0 ∼ h0M
1/2
α′1/2
. (3.26)
Then statistically one expects that the field value of the curvaton during inflation is
σ∗ ∼ h0M
1/2
α′1/2
. (3.27)
We assume that the number of peaks and valleys of the periodic angular potential to be of
order one, so that the approximation of the quadratic potential in (3.20) be valid. Here,
from (3.6) and (3.7) one finds that the condition (2.4) is always satisfied under R . L and
the weak string coupling gs < 1,
σ∗
MPl
∼ h0g
1/4
s
N1/4K1/2
(
R
L
)3
< 1. (3.28)
3.3 Consistency Conditions
Before moving on to discuss cosmology, we should mention some consistency conditions for
the above analyses. In addition to the requirements discussed in Section 2, the following
microscopic constraints will further restrict the parameter space.
Speed Limit of the Curvaton
We have expanded the DBI action up to two derivatives, hence for the validness of this pro-
cedure the curvaton has to be moving nonrelativistically. This requirement is also important
for avoiding significant back reaction of the curvaton brane to the throat.
10
The light speed at the tip is given by θ˙rel ∼ h20/r0, whereas the maximal speed of a
harmonically oscillating curvaton is θ˙max ∼ m. Therefore we require
mr0
h20
∼ m(gsMα
′)1/2
h0
< 1. (3.29)
From (3.21) and (3.22) it is clear that as long as ∆, λ > 4, the curvaton brane is nonrela-
tivistic.
Stringy Corrections to the Throat
One should be aware of stringy corrections during inflation. When the Hubble parameter
during inflation is larger than the local string scale of the throat, such corrections can become
significant and may even shorten the throat [59], therefore we require
Hinf
α′1/2
h0
< 1. (3.30)
Note that this condition can be rewritten in terms of σ∗ (3.27) as
M1/2
Hinf
σ∗
< 1, (3.31)
which guarantees the density perturbation from the curvaton to be nearly Gaussian (2.7).10
Curvaton’s Energy Scale and the Local String Scale
The curvaton’s oscillation energy also should be smaller than the local string scale for avoid-
ing serious stringy corrections in the throat, hence
m2σ2∗
(
α′1/2
h0
)4
∼ m
2Mα′
h20
< 1. (3.32)
One sees that this requirement contains the speed limit condition (3.29) provided gs < 1.
Before ending this section, let us mention that the condition
∆, λ > 4 (3.33)
following from (3.29) and (3.32) can also be understood as the requirement that the bulk and
nonperturbative effects be weak corrections to the original angular independent background.
10Our observable universe might have happened to be in a place which is less likely than the statistically
preferred σ∗ (3.27), e.g., extremely near the (local) minimum/maximum of the periodic angular potential.
In such case, (2.7) can be violated and the curvaton may contribute to producing large non-Gaussianity.
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(One way of understanding this is by looking at the induced mass (3.21) and (3.22): One ex-
pects from naive power counting that m2 ∝ h20, whereas the actual mass is m2 ∝ h∆−20 , hλ−20 .)
We also note that under (3.33), the condition (2.5) becomes trivial. It suffices to show this
in the bulk effect dominant case (3.25), where
Γ
m
∼ h
2λ+∆−12
0
gsM2
< 1. (3.34)
4 Generating the Cosmological Perturbations
Equipped with the information on the angular position of the D3-brane and the consistency
conditions discussed in the previous sections, let us look into the parameter space and show
that the angular oscillation of the D3 at the throat tip actually plays the role of the curvaton.
In this section we investigate several scenarios of interest. First we consider the case where
the curvaton generates the observed curvature perturbation (and in some situations large
non-Gaussianity) in Subsection 4.1. Then, cases where the curvaton contributes in generating
large non-Gaussianity either through curvature or isocurvature perturbations are discussed,
respectively, in Subsection 4.2 and 4.3.
We assume that the SM particles are realized on the curvaton D3-brane in Subsection 4.1
and 4.2. How the SM particles are realized on the world-volume of the D-brane is out of the
scope of this paper, though one naively expects that the interactions among the open string
modes on the brane is suppressed by the local string scale. As can be seen from (3.24), or
more explicitly from (3.25) and (3.33), the decay rate from the curvaton to the world-volume
fermions is further suppressed by the warp factor. Therefore, after the curvaton decay into
world-volume fermions, we can expect the fermions to soon decay into or thermalize with
the SM particles (or particles that eventually turn into SM particles). In Subsection 4.3, the
SM brane can be far apart from the curvaton brane.
For the cosmic inflation, we do not specify its details. However, throughout this paper
we have assumed that the inflaton energy is transferred to radiation right after the end of
inflation. For instance, one can have in mind brane-antibrane inflation in a warped throat
(possibly, a throat different from the throat containing the curvaton brane). From the brane-
antibrane annihilation which ends inflation, heavy closed strings are produced, which further
decay into lighter states. Such processes happen right after inflation ends, and if there are
branes left, the inflation energy will soon be converted to radiation on the world-volume of
the residual brane. (However, one may have to be careful with stable angular KK modes,
see e.g. [60, 61]. Of course, such problems do not arise in other inflation mechanisms, such
as modular inflation models.)
We should also comment on the “overshooting problem” which states that the Hubble
parameter during inflation is bounded by the gravitino mass, i.e. Hinf . m3/2 [62], in the
simplest inflationary models based on the moduli stabilization scenario of [39]. Requiring
a gravitino mass of O(1)TeV, the inflation energy scale is restricted to be very low. If the
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curvaton generates the observed curvature perturbations, i.e. the inequality (2.10) being
saturated, then one can show from the requirements laid out in Section 2 that the Hub-
ble parameter during inflation cannot be that small. However, as we briefly mentioned in
Section 1, recent studies have demonstrated several ways to cure this problem, e.g., by intro-
ducing more general class of Ka¨hler moduli stabilization with superpotential of the racetrack
form, with positive exponents, and so on [62, 10, 11, 12, 13, 14]. We expect such mechanisms
to be operating and the inflation energy scale be disentangled from the gravitino mass.
4.1 Curvaton Scenario
Let us consider the case where the angular fluctuation of the D3-brane at the throat tip
generates the observed primordial curvature perturbation. We assume the SM particles to
be realized on the curvaton D3-brane.
In cases where the curvaton dominates the universe before it decays, the reheating of the
universe is sourced by the decay of the curvaton. We require the curvaton to decay before
BBN, but if one also wants to incorporate baryogenesis, then the condition (2.6) should be
corrected according to the baryogenesis scenario.
On the other hand, if the curvaton is subdominant at decay, then reheating should rely
on the remnants of inflation, e.g., one can imagine the source that drives inflation to be also
in the SM throat (i.e. the curvaton throat) and that the inflation energy directly flows into
the SM brane, or it could also be that the inflation energy tunnels into the SM throat from
the bulk or from some other throat [60, 63, 64, 65, 66, 67, 68, 69]. Although we keep our
discussion general and do not go into details beyond the curvaton model, let us address some
issues which may rise in the curvaton-subdominant case: Depending on how the inflation
energy is transported to the SM brane, curvaton production after inflation may happen and
the curvaton contribution to the curvature perturbation may be reduced [70]. Also, large
isocurvature perturbation in cold dark matter (CDM) or baryons can be produced if such
particles are created significantly before the curvaton decay, and/or if the curvaton itself
creates them [71, 72, 73, 74, 75, 76].
Recall from the discussions in Section 2 and Section 3 that after dropping the conditions
that trivially follow from the other ones, we arrive at the following six conditions: (2.2),
(2.6), (2.10), (2.11), (3.30), (3.32). Here, especially, (2.10) should be saturated since we
require the curvaton to generate the observed curvature perturbation. The fNL constraint is
now simply
fNL ∼ 1
r
. 100, (4.1)
and the inflation energy scale and the produced non-Gaussianity are related by
Hinf
MPl
∼ 10−5h0gsM1/2
(
α′1/2
L
)3
fNL. (4.2)
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Under (2.10) and (4.1), the condition (3.30) is automatically satisfied,
Hinf
α′1/2
h0
. M
1/2
103
< 1, (4.3)
where we have used the known maximal value of the CY four-fold Euler number (3.2) in
obtaining the second inequality.
Therefore, after fixing the inflation energy scale from the saturated (2.10), the inde-
pendent conditions that restrict the parameter space are (2.2), (2.6), (2.11), and (3.32).
Especially in the bulk effect dominant case (i.e. ∆ < λ) (3.25), the four conditions take the
following form, respectively,
r2
1010h∆−40
gsM2
 1, 10
42h
2λ+ 3
2
∆−13
0
g
1/2
s M5/2
(
α′1/2
L
)3
> 1,
1
r
. 102, h
∆−4
0
gs
< 1, (4.4)
where
r ∼ min
{
h
8−λ−∆
2
0 g
5/2
s M
2
(
α′1/2
L
)6
, 1
}
. (4.5)
We illustrate the parameter space on the ∆-λ plane in Figure 111. One sees that as ∆ or
λ increase, i.e. the bulk or nonperturbative effects weaken, the decay rate of the curvaton
is suppressed and the curvaton comes closer to dominating the universe before decay. Also,
the produced non-Gaussianity (displayed in the figure as contour lines) decreases as r → 1.
The figure clearly shows that when either the bulk or nonperturbative effect is absent, i.e.
∆ or λ→∞, the curvaton cannot decay,12 and one crosses the orange line which is the BBN
constraint (2.6).
As we take different values for the four parameters gs, M , L/α
′1/2, and h0, the consistent
region (the yellow region in the figure) deforms and shifts in the ∆-λ plane. It can also split
into r ≷ 1 regions when h0 becomes large. Though we have shown only a single example, one
can check that consistent curvaton scenarios are allowed for broad ranges of the parameters.
4.2 Non-Gaussianity through Curvature Perturbations
Next we consider the case where the curvaton produces large non-Gaussianity, but generates
only negligible curvature perturbations. Hence in this subsection we assume some other
mechanism (e.g. the inflaton) to be responsible for generating the observed curvature per-
turbations. As in the previous subsection, the SM particles are assumed to be realized on
the curvaton D3-brane.
11As we carry out only an order-of-magnitude estimate, the explicit values of the parameters for each
figure should not be taken so seriously, e.g., the actual L/α′1/2 is larger than the set values since we dropped
numerical factors in (3.7).
12Strictly speaking, the curvaton does decay due to the interaction terms we have ignored in deriving
(3.20), but such effects are negligibly small.
14
102
105
108
4.0 4.5 5.0 5.5 6.0 6.5
4.0
4.5
5.0
5.5
6.0
6.5
!
Λ
Figure 1: The consistency conditions for the curvaton scenario on the ∆-λ plane, where
the other parameters are set to gs = 0.1, M = 300, L/α
′1/2 = 3, h0 = 10−5 (hence N ∼
50000, K ∼ 200, MPlα′1/2 ∼ 300). The lines denote where each condition is saturated,
blue: masslessness (2.2), orange: BBN (2.6), red: fNL (2.11), purple: curvaton oscillation
energy (3.32). The yellow region satisfies all four conditions. On the right (left) side of the
dashed line, the curvaton dominates (subdominates) the universe at the decay epoch. The
produced non-Gaussianities are also shown as contour lines for fNL. Here the inflation scale
can be estimated from Hinf/MPl ∼ 10−11fNL.
Since we consider curvatons generating large non-Gaussianity, we focus on cases where
the curvaton decays before dominating the universe. (One clearly sees from (2.10) and (2.11)
that when r ∼ 1, the amplitude constraint is severer than the fNL constraint.) If the energy
fraction of the curvaton is sufficiently small, then it can survive beyond the BBN epoch
without ruining nucleosynthesis.
The independent consistency conditions are (2.2), (2.10), (2.11), (3.30), (3.32), and de-
pending on r, the BBN constraint (2.6) is also required. In Figure 2 we show the conditions
in the ∆-λ plane under a certain set of parameters. Note that we now have an additional
parameter Hinf/MPl since (2.10) need not be saturated. On the red line in the figure, the cur-
vaton produces the observationally allowed maximum non-Gaussianity of order fNL ∼ 100.
In contrast to the previous subsection, the non-Gaussianity increases for larger ∆ or λ,
since then r becomes larger and the non-Gaussian curvature perturbations generated by the
curvaton increase.
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4.3 Non-Gaussianity through Isocurvature Perturbations
In this subsection, we consider the case where the curvaton survives until now and contribute
to dark matter. Here the SM particles need not be on the curvaton brane. Specifically, in
cases where the throat containing the curvaton brane is geometrically separated from where
the SM particles are realized, then the curvaton dark matter interacts with SM particles
only through graviton mediation and thus behaves as hidden dark matter (see e.g. [60]).
Since the curvaton does not decay, here we need not require both the bulk and nonper-
turbative effects, and one of them can be totally absent, i.e. ∆ or λ →∞. D3-branes which
do not feel bulk effects are thus always of this type (unless there are additional effects giving
angular dependencies.)
As for the cosmological perturbations, the effects of having such curvatons are similar
to that of axions. Since they are decoupled from (most of) the thermal history of the SM
particles, their fluctuations entirely contribute to isocurvature perturbations. Here we discuss
non-Gaussianity produced from the curvaton through isocurvature perturbations. As in the
previous subsection, we assume the universe to be reheated by the remnants of inflation, and
the observed curvature perturbations to be generated by some mechanism other than the
curvaton.
Here, additional constraints are required. Instead of the BBN constraint (2.6), we require
the curvaton to be stable until now, therefore
1060
Γ
MPl
< 1. (4.6)
Also, the present energy density of the curvaton should not exceed that of dark matter, Ωσ0 .
ΩCDM0. Assuming radiation domination from the end of inflation to the time of matter-
radiation equality, the present curvaton energy density is ρσ0 ∼ m2σ2∗(tosc/teq)3/2(aeq/a0)3,
and one arrives at the requirement
R ≡ Ωσ0
ΩCDM0
∼ 1028m
1/2σ2∗
M
5/2
Pl
. 1. (4.7)
Fluctuations of the curvaton dark matter give rise to isocurvature perturbations between
CDM and radiation,
SCDM ∼ R
[
2
δσ∗
σ∗
+
(
δσ∗
σ∗
)2]
. (4.8)
Here the isocurvature and curvature perturbations are expected to be uncorrelated, hence
the observational bound on isocurvature perturbation [9] imposes
PS
Pζ ∼
R2
PCOBE
(
Hinf
σ∗
)2
. 1
10
, (4.9)
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where PCOBE ∼ 10−10. Also, the non-Gaussianity from isocurvature perturbation in terms
of the non-linearity parameter is
fNL ∼ R
3
P2COBE
(
Hinf
σ∗
)4
. 100. (4.10)
One should note that the non-Gaussianity from isocurvature and curvature perturbations
manifest themselves differently in the CMB temperature fluctuations. Especially, non-
Gaussian effects from isocurvature perturbations are enhanced in the large scales [73]. For
detailed analyses on this issue, see [73, 74, 75, 76, 77].
Now (2.6), (2.10), and (2.11) are replaced by the above conditions, and we arrive at the
following seven independent consistency conditions: (2.2), (3.30), (3.32), (4.6), (4.7), (4.9),
and (4.10). In Figure 3 we show an example where the KS throat with ∆ =
√
28 bulk effect
can produce large non-Gaussianity. In the example, the consistent region is bounded by the
isocurvature bound (4.9) rather than the fNL bound (4.10). Larger curvaton mass leads to
larger R, therefore larger isocurvature perturbation and non-Gaussianity.
In this subsection we have studied curvatons that do not decay. However, in cases where
the curvaton brane is geometrically separated from the SM sector, the curvaton can decay and
still generate large non-Gaussianity. The light open string modes excited from the curvaton
decay will serve as hidden dark radiation and/or matter and can have significant effects
through isocurvature perturbations, as in the case of the non-decaying curvatons. It would
be interesting to examine systematically the range of possibilities arising from oscillating
D-branes in multi-throat compactifications.
5 Conclusions
We have proposed a model for generating the primordial perturbations and reheating our
universe from angular oscillations of D-branes at the tip of throats. The geometrical features
of throats – warping and (approximate) isometries – yielded curvaton scenarios. We have
also seen that effects that break the force-free condition of the D-brane in the isometry di-
rections, such as the isometry breaking bulk effects and moduli stabilizing nonperturbative
effects played an important role in our model. Depending on the (un)balance between the var-
ious features of the background geometry, the curvaton model showed different behaviours.
We have studied cases where the curvaton generated the observed curvature perturbations
(Subsection 4.1), the curvaton contributed mainly to non-Gaussianity through curvature per-
turbations (Subsection 4.2), and through isocurvature perturbations (Subsection 4.3). Each
scenario could be realized in a wide range of parameter space. In other words, our model
may be considered as generally arising from compactification scenarios containing warped
throats with isometries. Especially the case considered in Subsection 4.3 arise no matter
where the SM particles are realized, and therefore may serve as a test for discussing the
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validness of (multi-)throat compactification scenarios. (See also [61] for discussions in this
direction.) The curvaton model is capable of producing large non-Gaussianity, and upcoming
CMB experiments are expected to allow us to give more rigorous arguments.
In this paper we tried to keep our discussions general and did not go into details of
individual moduli stabilization mechanisms. We have treated the strengths of the bulk
and nonperturbative effects as free parameters ∆ and λ, and only made order-of-magnitude
estimations. However, based on previous studies, one can carry out more elaborate analyses
on the angular potentials for D-branes at the S3 tip of warped deformed conifolds, for certain
moduli stabilizing scenarios. It is necessary and interesting to explore the throat tip potential
and also a wide class of compactification scenarios for concrete realizations of the curvaton.
We note again that in most part of the paper we simply assumed the SM particles to be
realized on the curvaton D3-brane(s). Inclusion of a more realistic SM sector is necessary
for a fully consistent model, and is crucial for detailed studies of the thermal history of the
universe.
One of the general lessons of our work is that in string theory, one finds it quite natural
to consider fields other than the inflaton for generating the primordial perturbations. Such
light fields can be realized in string theory, thus giving rise to mechanisms which may have
seemed too intricate from the phenomenological point of view. It is fair to say that top-down
approaches to inflationary cosmology can provide us with rich ideas beyond the standard
slow-roll inflation pictures.
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Figure 2 (left): The consistency conditions on the ∆-λ plane for the case where the
curvaton contributes mainly to non-Gaussianity. The parameters are set to gs = 0.1,
M = 200, L/α′1/2 = 10, h0 = 10−4, Hinf/MPl = 10−9 (hence N ∼ 20000, K ∼ 90,
MPlα
′1/2 ∼ 10000). The lines denote where each condition is saturated, blue: massless-
ness (2.2), orange: BBN (2.6), green: curvature perturbation (2.10), red: fNL (2.11), purple:
curvaton oscillation energy (3.32). The stringy correction (3.30) condition is satisfied in the
entire displayed area. The yellow region satisfies all six conditions. Also, the dashed line
denotes where the curvaton starts to dominate the universe before decay. The produced
non-Gaussianities are shown as contour lines for fNL.
Figure 3 (right): The consistency conditions on the ∆-λ plane for the case where the
curvaton is stable until now. The parameters are set to gs = 0.1, M = 100, L/α
′1/2 = 10,
h0 = 4 × 10−9, Hinf/MPl = 10−13 (hence N ∼ 9000, K ∼ 90, MPlα′1/2 ∼ 10000). The lines
denote where each condition is saturated, orange: stability (4.6), green: isocurvature per-
turbation (4.9), red: fNL (4.10). The masslessness (2.2), stringy correction (3.30), curvaton
oscillation energy (3.32), and DM (4.7) conditions are satisfied in the entire displayed area.
The yellow region satisfies all seven conditions. The produced non-Gaussianities are shown
as contour lines for fNL.
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